Abstract To study the structural basis of the GM2 gangliosidosis B variant, we constructed the threedimensional structures of the human b-hexosaminidase a-subunit and the heterodimer of the a-and b-subunits, Hex A, by homology modeling. The a-subunit is composed of two domains, domains I and II. Nine mutant models due to specific missense mutations were constructed as well and compared with the wild type to determine structural defects. These nine mutations were divided into five groups according to structural defects. R178H is deduced to affect the active site directly, because R178 is important for binding to the substrate. C458Y and W420C are predicted to cause drastic structural changes in the barrel structure carrying the active site pocket. R504C/H is deduced to introduce a disruption of an essential binding with D494 in the bsubunit for dimerization. R499C/H, located in an extrahelix, is deduced to disrupt hydrogen bonds with domain I and the barrel. R170W and L484P are deduced to affect the interface between domains I and II, causing destabilization. The structural defects reflect the biochemical abnormalities of the disease.
Introduction
There are two major b-hexosaminidase (Hex, EC 3. 2. 1. 52) isozymes in humans, Hex A (ab, a heterodimer of the a-and b-subunits), and Hex B (bb, a homodimer of the b-subunits), and a very small amount of an unstable isozyme, Hex S (aa, a homodimer of the a-subunits). All three Hex isozymes can catalyze the hydrolysis of terminal b-1, 4-linked N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine (GalNAc) residues at the nonreducing ends of oligosaccharides and their conjugates. However, only Hex A and Hex S can cleave terminal nonreducing N-acetylglucosamine-6-sulfate (GlcNAc-6-S) residues in keratan sulfate, and Hex A is essential for cleavage of the GalNAc residue from the GM2 ganglioside.
The GM2 gangliosidosis B variant (McKusick 272800) is an autosomal recessive genetic disorder caused by mutations of HEXA, which codes for the Hex a-subunit, on chromosome 15q23-24. The resulting deficiency of Hex A (ab) causes pathological accumulation of the GM2 ganglioside in the central nervous system, which results in neurological disorders (Gravel et al. 2001) . The disease exhibits a spectrum of clinical phenotypes ranging from the severe infantile form (classical Tay-Sachs disease) to the milder late onset form (juvenile type and adult type). Efforts have been made to identify mutations of the HEXA gene, and many disease-causing mutations, including amino acid substitutions, have been found (Gravel et al. 2001) . However, structural studies on the defective a-subunit have not been performed yet, although this is very important for clarifying the pathogenesis of the disease.
The crystal structures of chitobiose from Serratia marcescens (Tews et al. 1996) , which is a member in the same family 20 glycosyl hydrolase as Hex; and Hex from Streptomyces plicatus (Mark et al. 2001) , were refined, and the data were deposited in the Protein Data Bank (PDB) (Berman et al. 2000) . We then modeled the human Hex b-subunit by means of homology modeling using this information and characterized the molecular defect of the Hex b-subunit causing the GM2 gangliosidosis 0 variant (Sandhoff disease and variants) (Sakuraba et al. 2002) . Recently, the crystal structure of human Hex B was determined by Mark et al. (2003) and followed by Maier et al. (2003) . The deduced locations of the mutations on our model were consistent with those of the determined structure, which indicated that our model was reliable and effective in analyzing the molecular defect causing the disease.
In this study, we further constructed a structural model of the human Hex a-subunit and studied the structural defects caused by amino acid substitutions responsible for the GM2 gangliosidosis B variant.
Materials and methods
Clinical summary and cell culture Cultured skin fibroblasts from ten independent patients with the GM2 gangliosidosis B variant and a normal control subject were established and maintained in our laboratory. Patient data, including their ethnic origins, phenotypes and genotypes, are summarized in Table 1 . Case 1 is a Puerto Rican and the others (cases 2-10) are of Japanese origin. Three patients (cases 1, 6, and 7) presented a clinical profile of the juvenile type of the disease, and the others exhibited one of classical Tay-Sachs disease. All patients except for cases 1, 8, and 10 each have a specific missense mutation (W420C, C458Y, R504C, R504H, R499C, R499H, or L484P) on one allele and a common splicing mutation (IVS5, -1G fi T) in Japanese Tay-Sachs patients (Tanaka et al. 1993) on the other allele. Case 1 is heterozygous for R178H and 1278insTATC, which is one of the common mutations in Ashikenazi Jewish Tay-Sachs patients (Myerowitz and Costigan 1988) . Cases 8 and 10 are homozygous for R170W and the common Japanese splicing mutation, respectively. The cells were cultured in EagleÕs minimal essential medium containing 10% fetal bovine serum at 37°C under 5% CO 2 .
Enzyme assay and kinetic study Hex A activity was determined in total homogenates of cultured fibroblasts using 4-methylumbelliferyl GlcNAc-6-S (HSC Research Development Co., Toronto, Canada) as the substrate (Suzuki 1987) . The amount of protein was determined with the Bio-Rad dye-binding assay (Bio-Rad Laboratories, Richmond, CA, USA) with bovine serum albumin as the standard. The apparent Km values were determined with fibroblast extracts from case 1 and a normal control subject as the enzyme sources by means of a Lineweaver-Burke double reciprocal plot.
Structural modeling of human wild-type and mutant Hex a-subunits Structural models of the human wild-type Hex a-subunit, its mutants (R170W, R178H, W420C, C458Y, L484P, R499C/H and R504C/H) and Hex A were built using molecular modeling software, SYBYL/COMPOSER and BIOPOLYMER (TRIPOS, Inc., Mountain View, CA, USA), based on the crystal structure of the human Hex B (PDB ID; 1NOU) as template. The backbone of the human wild type Hex a-subunit corresponding to each structurally conserved region was built by fitting a fragment of the template, , Ohno et al. (1988) , Kytzia et al. (1983) , dos Santos et al. (1991) , Tanaka et al. (1988) ; d Myerowitz and Costigan (1988) , Nishimoto et al. (1991) , Paw and Neufeld (1988) Paw et al. (1991) , Akli (1991) ; j Paw et al. (1990) , Akli et al. (1993) , Boustany et al. (1991) ; k S302G is thought to be a polymorphism; l Mules et al. (1992) ; m Paw et al. (1990) Tanaka et al. (1993) and the side chain conformations were determined by means of the rule-based procedure (Sutcliffe 1987) . Loop regions were constructed with fragments selected from the protein substructure database (Jones and Thirup 1986; Claessens et al. 1989) . The energy minimization procedure was used to optimize the conformations and side chain rotamers. The mutant models were built in the same way as for the wild type, but based on the primary structures with the amino acid replacements. To evaluate the influence of each replacement on the model structure, the mutant model was superimposed with the wild type model based on the Ca atoms by a least-square-mean fitting method (Kabsh 1976 (Kabsh , 1978 . We defined that the structure was influenced by the amino acid replacement when the position of an atom of the mutant differed from that in the case of the wild type by more than the total root-mean-square distance value.
Results

Hex A activity in cultured fibroblasts
In cases 2-5 and 8-10 with the phenotype of classic TaySachs disease, Hex A activity was less than 2% of the normal control level. In cases 1, 6, and 7 with the juvenile type of the disease, Hex A activity was about 3-5% of the control level (Table 1) . Because both these mutations, including an insertion of 4 base-pairs in exon 11 (1278insTATC) and the splicing mutation (IVS5, -1G fi T), could not express any catalytic activity and the results of the enzyme assay in case 10), the residual Hex A activity in cases 1, 6, and 7 is thought to have resulted from the allele carrying the specific missense mutation (R178H, R499C or R499H).
Structural modeling of human wild-type Hex a-subunit
A structural model of the human Hex a-subunit was built using the crystallographic data for the human Hex b-subunit as template. According to the sequence alignment, we built a model of the human Hex a-subunit composed of the 502 amino acids from residues 23 to 524. The amino acid identity between a-and b-subunits was 54.7%. The modeled structure of the Hex a-subunit is shown in Fig. 1 . It comprises two domains (I and II). Domain I (residues 23-165) has an a/b topology, and domain II (residues 166-524) is folded into a (b/a) Predicted structural changes in the human Hex a-subunit due to amino acid substitutions causing the GM2 gangliosidosis B variant
The positions of mutations were mapped in the modeled three-dimensional structure of the wild-type Hex asubunit (Fig. 1 ) and the heterodimer model (Fig. 2) . All substituted residues are conserved between human aand b-subunits. To determine the influence of the mutations, we constructed mutant models and compared them with the wild type. As a result, we divided the nine mutations into five groups according to the structural defects (Table 2) .
Group 1 (R178H)
The R178 residue is located at the loop following the first b-strand of the (b/a) 8 -barrel and is close to the active site (Fig. 1 ). Substitution of R178 to H caused conformational changes in the residues (D207, D208, H262, E323, N423, and E462), which are responsible for the enzymatic activity (Fig. 3a) . A structural change was observed only inside the active site pocket.
In case 1 carrying this mutation, the apparent Km value was estimated to be 1.5 mM, which is about 30 times higher than that in the control subject (0.05mM). These data suggest that a structural change occurred in (or near) the active site of the a-subunit (Figs. 1 and 3a).
Group 2 (W420C and C458Y)
The mutations C458Y and W420C in this group were located on the b-strands of the barrel enclosing the active site pocket (Fig. 1) . The C458 residue is located on the eighth b-strand, and the side chain points inside the active site pocket. Substitution of C458 to Y with a long and bulky side chain caused steric clashes with the surrounding residues, thereby causing a drastic structural change in the whole active site pocket (Fig. 3b) . The structural change caused by C458Y is larger than that by R178H (Fig. 3) .
The W420 residue is in the seventh b-strand. The side chain is buried inside the barrel and involved in hydrophobic interactions with L416, F434, V437 and V480 interior of the barrel, which are thought to stabilize the barrel structure enclosing the active site pocket. Substitution of W420 to C causes loss of the hydrophobic interactions, thus causing a conformational change around the active site pocket (data not shown).
Group 3 (R504C and R504H)
R504 is located in the extra-helix in domain II (Fig. 1) . This residue points outside of the extra-helix and is exposed in the monomer. As shown in Fig. 2 , R504 of the a-subunit directly binds to D494 of the b-subunit in the ab heterodimer model. Substitution of R504 to C or H causes a disruption of the binding between the a-and b-subunits and a moderate conformational change on the surface near the residue (Fig. 4a) .
Group 4 (R499C and R499H)
R499 is located in the extra-helix like R504; however, this residue points inside the molecule (Fig. 1) . R499 forms hydrogen bonds with the side chain of E528 of the barrel and the main chain of L43 in domain I, which are observed in the b-subunit as well. Substitution of R499C/H caused a disruption of these hydrogen bonds and a moderate conformational change near the residue (Fig. 4b) . The R170 and L484 residues are located in the first bstrand and the eighth a-helix, respectively, in domain II facing domain I, and these residues are adjacent to each other in the three-dimensional structure (Fig. 1) . The side chain of R170 in domain II forms hydrogen bonds with E141 in domain I, which are observed in the bsubunit structure as well. These hydrogen bonds are thought to contribute to stabilization of domains I and II. Substitution of R170 to W results in disruption of these hydrogen bonds between the two domains. R170 also forms hydrogen bonds with the main chain O atoms of F167 and K197 in domain II, and these residues are The influence of substitution R504H in group 3, R499H in group 4, and R170W in group 5 are shown in a, b, and c, respectively. The ribbon model of domain I and domain II are colored white and blue, respectively. Only the side chains of the residues influenced by each substitution are shown. The residues of the wild type and mutants are colored magenta and yellow, respectively packed tightly. The substitution of R170 to W with a bulkier side chain has a large effect on the interface of domains I and II (Fig. 4c) .
L484 is located on the eighth a-helix, which is adjacent to domain I. Substitution of L484 to P caused a disruption of the hydrogen bond pattern inside the ahelix and affected the residues of the a-helix (data not shown).
Discussion
The catalytic domain structure of the human Hex asubunit had been modeled using the structure of chitobiose from S. marcescens (Tews et al. 1996) . However, it was restricted to the predicted catalytic region because of the low-sequence identity with the human Hex asubunit. Recently, the crystal structure of the human Hex B was determined (Mark et al. 2003) . This structural data allowed us to build the entire structure model of the human Hex a-subunit and the heterodimer, HexA.
Based on the structural information, we tried to gain insight into the pathogenesis of the GM2 gangliosidosis B variant resulting from specific amino acid substitutions. According to the structural defects, we divided the nine mutations into five groups. The substitution in group 1 is deduced to have a direct effect on the active site. In group 2, the structural changes were observed around the active site pocket, and these are likely to have a drastic destabilizing effect on the active site pocket. In group 3, the substitutions are deduced to introduce a disruption of the binding with D494 in the bsubunit for dimerization. In group 4, the substitutions are deduced to decrease the stability around the extra-helix packed into domain I and the barrel. In group 5, the substitutions are deduced to cause a drastic structural change in the interface between domains I and II.
The R178 residue is located close to the active site and is thought to be involved in substrate binding. In the b-subunit complex with N-acetylglucosamine-thiazoline (NGT), R211 corresponding to R178 in the a-subunit is connected directly with both O-3 and O-4 of NGT through hydrogen bonds (Mark et al. 2003) . R178H results in substitution of H for R178, which is an important residue for substrate binding. In addition, this substitution is deduced to cause a conformational change in residues that are responsible for the activity. This amino acid substitution is supposed to affect the enzymatic activity of Hex A directly and to increase the apparent Km value for a substrate. Similar structural changes were observed for R178C ) and R178L (Triggs-Raine et al. 1991) (data not shown). The R178H mutation has been identified in patients with the B1 variant of the disease, including case 1 Ohno and Suzuki 1988; Kytzia et al. 1983; dos Santos et al. 1991; Tanaka et al. 1988) .
The B1 variant of the disease is an unusual biochemical phenotype. Patients with this type express both Hex A and Hex B activities, as assayed with 4-methylumbelliferyl GlcNAc or GalNAc, but the mutant Hex A is unable to hydrolyze 4-methylumbelliferyl GlcNAc-6-S (Grave et al. 2001; Kytzia et al. 1983 ). Brown et al. (1989) introduced the R178H mutation at the homologous site in the Hex b-subunit to examine the effect of the mutation on the b-subunit and showed biochemically that the resulting Hex B, expressed in COS cells, was catalytically inactive, although biosynthetic processing and stability were not affected. That is consistent with the result in which the conformational change by R178H was only observed inside the active site pocket and does not have a significant influence.
The mutations in group 2 (W420C and C458Y) were found around the active site pocket (Fig. 1) . In contrast with R178H, these substitutions are deduced to cause a drastic structural change widely around the active site pocket. Therefore, these substitutions are deduced to destabilize the barrel structure as well as the active site pocket rather than influence the active site directly. As shown in Fig. 3 , the substitution of C458 to Y had a drastic effect on the active site pocket, including the residues forming the hydrophobic core (W373 and W460), which is responsible for stabilization of the barrel structure. The substitution of W420 to C with a smaller side chain is deduced to introduce a cavity into the hydrophobic packing in the barrel, as well as to cause disruption of the hydrophobic interactions in the interior of the barrel structure. Thereby, it would destabilize the structure near the active site pocket.
Tanaka et al. previously reported a patient with classical Tay-Sachs disease ). The father and mother of the patient were of Irish and German descent respectively. The patient was a compound heterozygote with one allele carrying the W420C mutation, but that on the other allele was unidentified. Expression of the W420C mutation in COS 1 cells showed that it failed to express any catalytic activity with either a sulfated or nonsulfated substrate. Tanaka et al. suggested that W420C might cause new disulfide bonding. In the W420C model, a free cysteine residue, C458 is found near C420 (Ca-Ca distance=6.2 Å ), although their side chains are on opposite sides of the b sheet. The formation of a disulfide bond between C420 and C458 could cause a much larger structural change. Expression analysis was also performed on the C458Y mutation, and the mutant cDNA did not express any catalytic activity of Hex A (Tanaka et al. 1994) . The results of Western blotting analysis of cell homogenates from cases 2 and 3 showed that the amount of mature asubunit was decreased in both cases (unpublished data).
The substitutions in group 3 result in a disruption of the interaction between the a-and b-subunits in the ab heterodimer. In the bb homodimer, R501, corresponding to R504 in the a-subunit, binds directly with D494 at the dimer interface. R504 in the a-subunit is deduced to be a partner of D494 in the b-subunit in the ab heterodimer, creating an essential bond at the dimer interface (Fig. 2) . R504C/H introduced a disruption in this essential binding for dimerization. The substitution is deduced to cause a moderate conformational change in the dimer interface (Fig. 4a ) Paw et al. (1990) reported a patient with the juvenile type of the disease. The patient was homozygous for R504H, and cultured fibroblasts from the patient synthesized a precursor a-subunit, but the mutant a-subunit failed to associate with the b-subunit to form an active heterodimer. Furthermore, they reported that R504C gave rise to a mutant a-subunit with the same biochemical defects as those in the case of R504H (Paw et al. 1991) . The expressed products were secreted as the a-monomer rather than a dimer of the a-subunits. These biochemical results are consistent with the deduced structural defect by R504C/H. The substitution of the R504-which is responsible for dimerization-by a C or an H residue, is deduced to affect dimerization. Cases 4 and 5, having the R504C/H mutation on one allele and the splicing mutation (IVS5, -1G fi T) on the other allele, exhibit the classical Tay-Sachs phenotype. The combination of the mutations may cause expression of low enzyme activity and clinically the severe form of the disease because the latter does not express any catalytic activity.
R499 and R504 are present on the same extra-helix, but the structural defects caused by these substitutions are completely different. The R499 residue was deduced to form hydrogen bonds with domain I and the barrel structure. R499 would be one of the residues for stabilizing the two domains. The substitution R499 to C or H results in disruption of these intramolecular hydrogen bonds. Thus, it is deduced to cause a loss of stability in this region but not to affect the active site. In cells from the patients with R499C/H described here, residual Hex A activity was detected, and they clinically expressed the juvenile type of the disease. Paw et al. (1990) described a patient with the juvenile type of the disease carrying the R499H mutation on one allele and 1278insTATC, which is a common Jewish Tay-Sachs mutation, on the other allele. Cultured fibroblasts from the patient synthesized an a-subunit that was retained in the endoplasmic reticulum. The abnormal a-subunit did not acquire the mannose 6-phosphate marker, nor was it secreted from the cells in the presence of NH 4 Cl. The R499C mutation was previously found in a patient with the adult type of the disease by Mules et al. (1992) . The patient was of mixed origin, including Slavic, Irish, English, and Polish.
The mutations in group 5 (R170W and L484P) are in domain II facing domain I (Fig. 1) . These substitutions are deduced to affect the interface between domains I and II. The R170 residue forms hydrogen bonds with E141 in domain I. In the b-subunit, the corresponding R and E residues are also conserved, and these residues form hydrogen bonds directly. These hydrogen bonds are thought to contribute to stabilization of domains I and II. Through these substitutions, these hydrogen bonds would be disrupted, and the surrounding residues would be affected. R170W is likely to have a significant destabilizing effect on the domain interface (Fig. 4c); thus, it would cause degradation of the a-subunit. The R170W mutation was also detected in Tay-Sachs patients of French Canadian origin (Fernandes et al. 1992) .
As for the L484P mutation, an expression study was performed, but the mutant cDNA did not produce any Hex A activity (Tanaka et al. 1994) . The structural change caused by L484P was smaller than that by R170W (data not shown), but introducing P into the ahelix is deduced to destabilize the structure of the a-helix adjacent to domain I. Western blotting analysis revealed that the amount of the mature a-subunit was decreased in cells from cases 8 and 9 carrying these mutations (unpublished data).
In conclusion, we determined the structural basis of the GM2 gangliosidosis B variant. The data indicate that heterogeneous structural changes in the Hex asubunit occur in this disease, and the results can well explain the pathogenesis. Further comparative studies from structural and biochemical aspects will clarify the molecular pathology of the disease. Structural study is useful for clarifying the pathogenesis of the disease.
